Iron carbides play a crucial role in steel manufacturing and processing and to a large extent determine the physical properties of steel products. The modified embedded atom method (MEAM) in combination with Lee's Fe-C potential is a good candidate for molecular dynamics simulations on larger Fe-C systems. Here, we investigate the stability and crystal structures of pure iron and binary iron carbides using MEAM and compare them with the experimental data and quantum-mechanical density functional theory calculations. The analysis shows that the Fe-C potential gives reasonable results for the relative stability of iron and iron carbides. The performance of MEAM for the prediction of the potential energy and the calculated lattice parameters at elevated temperature for pure iron phases and cementite are investigated as well. The conclusion is that Lee's MEAM Fe-C potential provides a promising basis for further molecular dynamics simulations of Fe-C alloys and steels at lower temperatures (up to 800 K).
I. INTRODUCTION
Carbon exists in steels as interstitial atoms in ferrite, austenite, and martensite phases. It is also present in iron carbide phases, as precipitates in a ferrite matrix or in pearlitetype or bainite-type microstructures. [1] [2] [3] [4] The iron carbides are of crucial importance in the design of the material properties of steels and Fe alloys. [1] [2] [3] [4] [5] [6] Good examples are the so-called transformation-induced plasticity (TRIP) steels that are a promising group of cold formable steels that combine a very high ductility with high strength. [7] [8] [9] The TRIP steels are now used in a few applications in the body in white of European and Japanese automobile industry. 9, 10 By means of scanning electron microscopy (SEM) and transmission electron microscopy (TEM), many investigations were performed on the phase characterization and the related microstructures of industrial TRIP and TRIP-assisted multiphase steels. [7] [8] [9] [10] [11] [12] [13] [14] In addition, computational simulations have proven to be very useful for investigation of FeC phases in steels. Parameter-free first-principles approaches have been employed, but they were applied only to small systems due to the computational limits. [15] [16] [17] [18] [19] [20] [21] [22] For large systems, atomistic simulation methods, such as the pair-potential approach (PPA), 23, 24 the embedded atomic method (EAM), [25] [26] [27] [28] [29] [30] [31] and the recently adopted modified embedded atom method (MEAM), [32] [33] [34] are very valid. The main uncertainty in the large-scale simulations is the model describing interactions between atoms. 35 Recently, Lee published a new Fe-C potential within the MEAM formalism. 36 This new Fe-C potential has been applied for pure iron, interstitial C in Fe, as well as several iron carbides. [37] [38] [39] [40] However, there is no systematic investigation of the applicability of Lee's MEAM potential to iron carbides, [36] [37] [38] [39] [40] which play a crucial role in steel manufacturing and processing. In this paper, we summarize our recent work in pure iron and iron carbides phases using the MEAM approach. A comparison of the MEAM calculations with the first-principles density functional theory (DFT) within the generalized gradient approximation (GGA) and the conventional local density approximation (LDA) approaches, as well as with the available experimental values in literature, is presented. These results are helpful for understanding the relative stability of iron and iron carbides and, in particular, for sensible analysis of large-scale molecular dynamics simulations of Fe and Fe-C systems.
II. CALCULATION DETAILS

A. Formation energies
The formation energy ( E) of an iron carbide (Fe n C m ) from the pure solids of the elements (α phase and graphite) can be described as:
To assess the relative stability of different iron carbides, we use the formation energy per atom ( E f ):
The energy E C to insert C in Fe sublattices to form Fe n C is defined as:
Positive values of E C ( E f ) indicate that the Fe sublattices with interstital C atoms or the iron carbides are metastable, while negative values indicate genuine stability of the systems, relative to the elemental solids (ferrite and graphite). At a temperature of 0 K and a pressure of 0 Pa, the enthalpy difference is equal to the energy difference, that is H (Fe n C m ) = E(Fe n C m ), when we ignore the zero-point vibration contribution.
B. Lee's Fe-C MEAM potential
In 2006, Lee published his work on the MEAM potential for the Fe-C system, including the effects of second nearest neighbors. 36 In the MEAM, the total energy of an Fe-C system is given in the following form:
where F i (ρ i ) is the embedding function for an atom i embedded in a background electron density ρ i , and φ ij (R ij ) is the pair potential for the interaction between atoms i and j separated by a distance of R ij . The background electron density at each atomic site is computed by combining several partial electron density terms for different angular contributions with weight factors. In the Lee MEAM potentials, the second nearest neighbors interactions were taken into account by adjusting the screening parameters. Details of the MEAM formalism and the parameters for the Fe-C system were described in Refs. 33-36. Lee's potential has been integrated into the molecular dynamics code CAMELION, 31, 41 which was used in this work. All simulations have been performed using a barostat and a thermostat of the Berendsen type. 42 Unless mentioned otherwise, results are given for 0 K (after rapid cooling) and 0 bar. During energy minimization, the relative atomic positions were left unconstrained in the unit cells for the binary iron carbide phases, except for the simple structures, such as NaCl-type, CsCl-type, and ZnS-type structures of FeC, where the formation energies and lattice parameters were obtained by their energy-volume relationships.
C. DFT calculations
All the DFT calculations were carried out using the firstprinciples' Vienna ab initio Simulation Program (VASP) [43] [44] [45] employing density functional theory (DFT) within the projector-augmented wave (PAW) method. 46, 47 Both the spinpolarized GGA formulated by Perdew, Burke, and Ernzerhof (PBE) 48 and the conventional spin-polarized LDA 49 were employed for the exchange and correlation energy terms. The cutoff energy of the wave functions was 500.0 eV. The cutoff energy of the augmentation functions was about 644.8 eV. The electronic wave functions were sampled on dense grids, e.g. a 12 × 12 × 12 grid with 84 k points or a 24 × 24 × 24 grid with 364 k points in the irreducible Brillouin zone (BZ) of θ -Fe 3 C or of α-Fe, respectively, using the Monkhorst and Pack method. 50 Structural optimizations were performed for both lattice parameters and coordinates of atoms. The tests of k-mesh and cutoff energies showed a good convergence (<1 meV/atom).
III. RESULTS
A. Classification of iron carbides
There are four solid phases for pure iron: ferrite or α-Fe (bcc), which is the ground state at ambient conditions; austenite or γ -Fe (fcc), which is stable in the temperature range between 1185 to 1667 K; the high-temperature phase δ-Fe (bcc) (stable from 1667 K to the melting point 1811 K); and the high-pressure phase ε-Fe (hcp). The δ-Fe phase is isostructural with α-Fe (bcc). Their difference lies in magnetism: the ground state of α-Fe (bcc) is ferromagnetic (FM) while δ-Fe (bcc) is nonmagnetic (NM).
51 Table I shows the MEAM results for bcc-Fe and fcc-Fe compared with those calculated with DFT-LDA and DFT-GGA. As expected, the MEAM lattice parameters and formation energies reproduce the former MEAM calculations. 36 The DFT-GGA correctly predicts that the FM bcc-Fe phase is the ground state, while the DFT-LDA predicts the wrong ground state [nonmagnetic, (NM-)Fcc]. The MEAM lattice parameters agree with the experimental values much better than those from DFT-GGA and DFT-LDA. For bcc-Fe, this was to be expected because the MEAM potential was explicitly fitted to the lattice parameter. All three computational methods confirm that the ground state of iron is the ferrite phase, while the γ -and ε-Fe (not shown) phases are less stable (Table I) . That agrees with former DFT-GGA calculations. [51] [52] [53] [54] [55] [56] There are several phases for C, and at ambient conditions, the stable phase is graphite. However, it is difficult to perform MEAM calculations for graphite due to the interlayer Van der Waals interaction, which is not included in the MEAM potential. Experiments showed that graphite is about 17 meV/C more stable than the diamond phase. 18, 57 Therefore, the MEAM energy for graphite is obtained from that of the diamond phase after this correction. The calculated lattice parameter for diamond is a = 3.558Å, in agreement with the experimental value. Table II lists structural information of important iron carbides in steels, 4, [18] [19] [20] [21] according to MEAM and DFT calculations and experimental data. These iron carbides include three different types according to their Fe sublattices. 4, 58, 59 The bcc family contains the so far unanalyzed α -Fe 16 Figure 2 shows the formation energies obtained from the calculations. There are few experimental values of high accuracy due to the difficulties associated with the preparation of homogeneous samples. Overall, the DFT-GGA results agree best with the experimental values, while the DFT-LDA overestimates the stability. The MEAM results are in between. Below, we discuss the calculation results in detail.
B. Formation energies of iron carbides
In the martensite phase, as shown by Domain et al., C atoms occupy the octahedral sites. 4, 56, 58 The MEAM calculations show that for dilute C in α-Fe, the C solution energy is 1.17 eV/C, in good agreement with Lee's calculations. 36 Figure 1 shows the schematic structures for α -Fe 16 C, α -Fe 16 C 2 [both in Fig. 1(a) ], and α -Fe 3 C 2 [ Fig. 1(b) ]. The calculated formation energy for α -Fe 16 C phase by the MEAM approach is 0.92 eV/C, which is smaller than the solution energy of dilute C in ferrite (1.17 eV/C). This value, 0.92 eV/C, is about twice the value found using the DFT-GGA approach (0.45 eV/C). However, it is close to the value (0.89 eV/C) from the DFT-LDA calculations. Please note that the experimental values for dilute C in ferrite have a scattering range (from about 0.4 to 1.2 eV). 36, 56 The MEAM calculations showed for α -Fe 16 C 2 the formation energy is lowered to about 0.81 eV/C from 0.92 eV/C (for α -Fe 16 C), with the same trend for DFT, as shown in Fig. 2 . The phase of the highest carbon concentration, α -Fe 3 C 2 , is calculated to be slightly favored with respect to the elemental solids (ferrite and graphite) by the MEAM approach. The DFT-GGA calculations show that α -Fe 3 C 2 is metastable with a formation energy of 135 meV/atom. However, the MEAM result for this carbide is not far from the DFT-LDA result, about 4 meV/atom difference (Fig. 2) . For the fcc family, we start from γ -FeC, having the NaCl-type structure [ Fig. 1(c) ]. The calculated (MEAM) formation energy is 405 meV/atom, which is much smaller than the GGA result. However, this value is close to the LDA results (415 meV/atom), as shown in Fig. 2 . All 
FIG. 2. (Color online)
The calculated formation energies for the iron carbides using different approaches. The crystal structures are displayed in Fig. 1 , the calculated lattice parameters are listed in Table II . The different colors represent the calculated results by means of MEAM (green/light gray), DFT-GGA (red/dark gray), DFT-LDA (blue/medium gray) and experimental values (black). 61 The filled spheres represent for the bcc family, filled squares the fcc family, and filled diamonds the hcp family (see Table II ).
calculations for γ -Fe 4 C give positive formation energies. For γ -Fe 8 C, the MEAM formation energy is 85 meV/atom, close to that by DFT-GGA (110 meV/atom). In contrast, the DFT-LDA predicts this phase as being too stable ( E f = −40 meV/atom), considering that this phase has never been observed experimentally.
The members of the hcp family, such as θ -Fe 3 C (the cementite phase) and η-Fe 2 C (the Hägg phase) [ Fig. 1(e)-1(f) ], play a crucial role in the steel manufacturing processes. [1] [2] [3] [4] [5] 20 As shown in Fig. 2 , the MEAM calculations show that the order of stability for the most important hcp phases is (from high stability to lower): η-Fe 2 C > o-Fe 7 C 3 > θ-Fe 3 C, the same order as the experimental order. Meanwhile, DFT-GGA showed that in the three hcp phases, o-Fe 7 C 3 is the least stable, while DFT-LDA calculations show that o-Fe 7 C 3 has the lowest formation energy. Our MEAM calculations give a moderate stability (∼−15 meV/atom) for θ -Fe 3 C, the cementite phase (Fig. 2) . The DFT-LDA calculations produce an even higher stability (−84 meV/atom) for θ -Fe 3 C cementite. The MEAM calculations show that η-Fe 2 C is more stable than ζ -Fe 2 C. This agrees with the DFT-GGA calculations, as well as with the experimental observation that η-Fe 2 C occurs frequently in tempering of quenched Fe-C steels, while the ζ -phase has never been observed. Please note that both η-Fe 2 C and ζ -Fe 2 C have similar Fe sublattices. The major difference is the ordering of C atoms. 4, 19, 20, 59 In η-Fe 2 C, along the c axis the carbon atoms form C-C bonds with lengths of about 2.8Å, while in ζ -Fe 2 C, the C atoms form zigzagged chains with longer C-C bond lengths. 4, 20 Meanwhile, the DFT-LDA calculations also predict wrong formation energies for all the hcp iron carbides as shown in Fig. 2. 054116-4
C. Lattice parameters of iron carbides
From Table II , we see that the MEAM lattice parameters of the three novel members of the bcc family (α , α , α ) are in good agreement with the DFT-GGA calculations. However, the calculated c/a ratio (1.11) of α -Fe 16 C using the MEAM method is almost the same as that of α -Fe 16 C 2 , whereas the c/a ratio of Fe 16 C (1.08) increases to 1.11 for α -Fe 16 C 2 using the DFT methods.
For γ -FeC with the NaCl-type structure [ Fig. 1(c) ], the calculated lattice parameter is 4.10Å, in agreement with Lee's calculations. 36 Our calculated lattice parameter is slightly larger than the GGA (4.00Å) and LDA (3.92Å) results.
For γ -Fe 4 C and γ -Fe 8 C, the MEAM calculations reproduce the experimental lattice parameters well, within 1.2% (Table II) . In comparison, the DFT-GGA underestimates the experimental values by about 3%, and the DFT-LDA by about 6.0%.
For the well-known hcp family members, the MEAM calculations give significant deviations of the lattice parameters from the experimental values, particularly for the b axis in θ -Fe 3 C, the a axis in o-Fe 7 C 3 , and η-Fe 2 C deviation about +7%. Comparatively, the lattice parameters from the DFT-GGA calculations agree well with the experimental values (within 1.7%). The DFT-LDA calculations, however, provide even worse agreements with the experimental values. The most significant one is the a axis of η-Fe 2 C (the deviation is close to 10%) using the DFT-LDA approach.
In conclusion, the MEAM approach predicts the lattice parameters of the bcc family and fcc family members well, but for the hcp family members, there are significant deviations, possibly due to the anisotropy of layered Fe hcp sublattices.
D. Temperature dependence of iron phases and cementite
One advantage of the semi-empirical MEAM approach compared to DFT calculations is its ability to perform largescale molecular dynamics simulations. To investigate the performance of the potentials as a function of temperature, ferrite and austenite were used as test systems. Calculations were performed for a cell of 16 000 bcc Fe atoms and 16 384 fcc Fe atoms. The systems were heated step by step with a step dwell time of about 15 fs. The calculated results are shown in Fig. 3 .
Disregarding entropy effects, we see that bcc Fe is more stable than fcc Fe over the whole temperature range where the systems are crystalline. The melting temperature obtained in this way is about 2200 K for bcc Fe. This is slightly higher than the experimental value (1811 K). To investigate the melting temperature of bcc Fe with more precision, additional molecular dynamics simulations were conducted. First, a large system containing about 50 000 Fe atoms is divided into two parts by connecting one half of the atoms to anchor points fixed in space and leaving the other half free. Next, the system is heated to 3000 K, as a result of which the free part melts and forms a liquid. After about 100 fs, the constraints on the other half were released, and the two parts were allowed to continue adiabatically. In this phase, a thermal equilibrium is gradually reached, with a coexistence of bcc and liquid Fe. In this way, the melting temperature of bcc Fe was obtained to be 1900 (±80) K, close to the experimental value (1811 K). From Fig. 3 , it is clear that there is no austenite window. The austenite window (1185 to 1667 K) comes from the Curie-Weiss magnetism disordering effects of ferrite and austenite, 51, 59 while the MEAM potential does not take into account any magnetic (ordering) effects. Nonetheless, the present calculations show that the MEAM approach is capable of describing the relative stability of austenite in the temperature range 0-800 K. This justifies the use of the MEAM potential in investigations of the stability of austenite and other phases in the treatment processes of many Fe-C steels.
The cementite phase, θ -Fe 3 C plays an important role in the tempering of steels, and it is has a pivotal role in many microstructures, such as pearlite and bainite in steels. Knowledge about thermal behavior of cementite is important to assess the reliability of molecular simulations. 60 The simulations show that θ -Fe 3 C remains crystalline up to a temperature of about 750 K. The MEAM potential energy increases with temperature, being similar to that of iron phases. The MEAM lattice parameters of the orthorhombic cell increase with temperature, as well. In the temperature range from about 200 to 500 K, the calculated linear thermal expansion parameters show a slight anisotropy: 1.4 × 10 −5 (1/K) for the a axis, and 1.2 × 10 −5 (1/K) for the b and c axes. In 2004, Wood made careful measurements of thermal expansion parameters for θ -Fe 3 C. 61 They observed anisotropy of the a axis from the b and c axes, which is in line with our MEAM calculations, on one hand. They also observed strong impacts of magnetic ordering: the volume expansion is about 1.8 × 10 −5 (1/K) when T < T c (T c = 480 K, the Curie temperature) and about 4,1 × 10 −5 (1/K) when T > T c.
61
IV. CONCLUSIONS
We used Lee's Fe-C MEAM potential to investigate the relative stability and structural properties of pure iron phases and iron carbides. This MEAM potential performed well in describing the lattice parameters and cohesive energies of ferrite and austenite, as well as the lattice parameters of most Fe-C systems. Exceptions are the very high stabilities of the iron carbides having very high C concentrations such as α -Fe 3 C 2 , o-Fe 7 C 3 , and η-Fe 2 C, γ -FeC (ZnS-type). The accuracy of the MEAM approach is at the same level as the conventional DFT-LDA approach, in particular for steels having low C concentrations. This is a good achievement for a non-quantum mechanical approach. From the present results, it can be concluded that Lee's MEAM potential can be applied with reasonable accuracy in molecular dynamics simulations of ferrite-austenite interfaces as well as for C in ferrite-austenite based systems, in particular in the temperature range up to 800 K.
